The sensitivity of 11 Mycoplasma and 5 Acholeplasma species to the bacteriocin nisin was determined. When applied on filter paper discs to lawns of acholeplasma cells, nisin (20 nmol per disc) gave 3.5-to 7.0-mm zones of growth inhibition. The inclusion of 0.2 mM nisin in agar medium reduced the number of Acholeplasma laidlawii colonies by a factor of more than 10 6 , and in a salts solution, 75 M nisin killed more than 99.9% of cells within 1 min. Under similar conditions, nisin had no significant effect upon the growth or survival of Mycoplasma species. At low concentrations (1 to 3 M), nisin stimulated glucose oxidation by A. laidlawii and Acholeplasma oculi. However, in comparison with carbonyl cyanide m-chlorophenylhydrazone (CCCP), a recognized protonophore and uncoupler of respiration, the maximum extent of stimulation was low, <20%, compared with up to 180% for CCCP. Also, in contrast to results obtained with CCCP, at concentrations only slightly above those causing stimulation of acholeplasma oxygen uptake, nisin strongly inhibited respiration. Inhibition of oxygen uptake was greater for A. laidlawii cells grown in the absence of cholesterol, and on agar medium, growth inhibition by nisin decreased with increasing concentrations of cholesterol. Nisin resistance may be a valuable characteristic in the selection and identification of Mycoplasma spp.
Nisin A is a cationic polypeptide of 34 amino acids (3, 353 Da) produced by Lactococcus lactis (1) . It disrupts the cytoplasmic membrane of susceptible species, dissipating the proton motive force and causing pore formation and efflux of low-molecular-weight solutes. It is active against the majority of gram-positive bacteria, but gram-negative organisms are resistant unless the outer membrane of the wall is damaged by, for example, treatment with EDTA. Nisin is generally ineffective against eukaryotic cells (9) .
Our initial interest in the action of nisin on members of Mollicutes, a class of bacteria lacking cell walls, was in the development of a cell lysis procedure. We had anticipated that, without cell walls, members of the class Mollicutes would be susceptible to nisin. However, while Acholeplasma laidlawii cells were lysed by low nisin concentrations, cells of Mycoplasma mycoides were not. Henning et al. (8) , in a study of a wide range of bacteria and fungi, similarly found that growth of A. laidlawii was more sensitive to nisin than that of M. mycoides, and Kordel and Sahl (9) showed that 1 mM nisin did not affect the intracellular ATP concentration of Mycoplasma hominis. However, there are no further studies of the activity of nisin towards members of the Mollicutes, although the mechanism of differences in the sensitivity of such morphologically similar cells as mycoplasmas and acholeplasmas may aid in understanding its mode of action.
The aim of the present study was to determine whether the differences in sensitivity of A. laidlawii and M. mycoides to nisin were a general feature of their respective genera and hence might be exploited in selective media and member identification. The mode of action of nisin was also investigated. A major difference between M. mycoides (nisin resistant) (8) and A. laidlawii (nisin sensitive) is the presence of high concentrations of sterol in the membrane of the mycoplasma. However, acholeplasmas do incorporate smaller quantities of cholesterol into the membrane, if it is provided in the medium (2) . Thus, the sensitivity of A. laidlawii to nisin was determined for cells grown in various concentrations of serum (source of cholesterol) and in medium without serum to which cholesterol had been added. Also, since nisin acts as a protonophore against Staphylococcus aureus and Escherichia coli (4) , its effect upon acholeplasmas and mycoplasmas was compared with that of carbonyl cyanide m-chlorophenylhydrazone (CCCP), a recognized protonophore and uncoupler of respiration.
MATERIALS AND METHODS
Organisms. The type strains of 11 Mycoplasma and 5 Acholeplasma species were used (see Table 2 ). They were obtained as freeze-dried cultures from the National Collection of Type Cultures (Colindale, United Kingdom), except for Mycoplasma imitans 4229 (NCTC 11733), which was a gift from Janet Bradbury (University of Liverpool). Upon receipt, all cultures were grown in broth, dispensed in ampoules, and stored in liquid nitrogen or at Ϫ70ЊC to provide inocula for future experiments.
Growth media and conditions. Except where stated, cells were grown in a modified SP4 broth medium (25) 
hominis).
Broth medium, with an initial pH of 7.6 or 7.0 (arginine-hydrolyzing species only), was dispensed in 7-ml quantities in plastic screw-cap test tubes and inoculated with 0.1 ml of stored culture, thawed by warming at 37ЊC for 4 min. After 24 to 72 h incubation at 37ЊC, 0.1-ml quantities of these cultures were transferred to fresh medium and similarly incubated to provide inocula for experiments.
Except where stated, the agar medium used was blood agar base (Oxoid no. 2), adjusted to pH 7.6 and supplemented with 200 ml of heat-inactivated pig serum liter Ϫ1 . After inoculation, agar plates were incubated for up to 5 days at 37ЊC in sealed containers to prevent drying of the surface.
To investigate the effect of cholesterol on the susceptibility of A. laidlawii to nisin, cells were passaged three times in SP4 broth medium without serum and inoculated onto blood agar base containing various concentrations of serum or blood agar base without serum but supplemented with cholesterol. Cholesterol was dissolved in ethanol. In control experiments, ethanol did not affect acholeplasma colony growth at the maximum concentration used (1% [vol/vol] ).
Cell suspensions in Ringer plus HEPES solution. Broth cultures were examined microscopically (phase contrast, ϫ1,200 magnification) and for changes in opacity (550 nm; Gallenkamp Visi-spec; Fisons Scientific Equipment, Loughborough, United Kingdom) and harvested towards the end of the exponential growth phase by centrifugation at 13,000 ϫ g for 4 min (MSE Microcentaur centrifuge; Fisons Scientific Equipment). The cell pellets obtained were washed twice and resuspended in RH solution, prepared by dissolving 18 g of HEPES liter
Ϫ1 and 160 U of catalase (C-10; Sigma, Poole, United Kingdom) ml Ϫ1 in one-quarter-strength Ringer solution (Oxoid; pH 7.6). Catalase was included to prevent any reduction in cell viability arising from H 2 O 2 production (14) . For the measurement of oxygen uptake rates, the optical density (550 nm) of cell suspensions was generally adjusted to 0.80, equivalent to approximately 200 g of cell protein ml Ϫ1 and a viable count of 8 ϫ 10 8 CFU ml
Ϫ1
. The amount of protein was determined by the method of Markwell et al. (10) .
Measurement of oxygen uptake rate. Rates of oxygen uptake by cell suspensions were determined, as described previously (14) , from changes in dissolved oxygen tension measured with an oxygen electrode system (Rank Brothers, Bottisham, Cambridge, United Kingdom) linked to a chart recorder and calibrated with air-saturated water (dissolved oxygen tension, approximately 210 nmol ml
). Nisin and CCCP. Nisin was kindly supplied by Aplin & Barret Ltd., Trowbridge, United Kingdom. However, data essentially similar to those presented here were obtained with a low-activity preparation obtained from Sigma. Nisin was prepared as an aqueous stock solution (10 mM), sterilized by membrane filtration, and stored at Ϫ70ЊC. For certain experiments, nisin solutions (20 l) were pipetted onto 6-mm filter paper discs (Whatman), which were allowed to dry before use. CCCP was obtained from Sigma and dissolved in methanol. Methanol was not oxidized by any members of the Mollicutes which were tested with CCCP.
Viable counts. Viable counts were determined as described previously (12) . The 95% confidence limits of counts, determined by Meynell and Meynell (11) , were within Ϯ10 to 15% of the values given.
All experiments were repeated. Except where stated otherwise, the data shown are mean values of two or more replicate experiments.
RESULTS
Effect of nisin on growth on agar plates. The effect of 0.2 mM nisin on the growth of various Mycoplasma and Acholeplasma species on agar medium is shown in Table 1 . At this nisin concentration, there was no significant effect on the number of cells recovered for the four Mycoplasma species used; however, growth of Acholeplasma axanthum, A. laidlawii, and Acholeplasma oculi was inhibited, and no colonies were recovered when plates were inoculated with 10 5 to 10 6 CFU per plate. At higher inoculum levels, for A. laidlawii, a small number of colonies were recovered, approximately 1 in 10 6 of the CFU plated. These were not apparently nisin-resistant mutants, since cells from representative colonies inoculated at 10 5 to 10 6 CFU per plate onto 0.2 mM nisin agar, either directly or after passage in SP4 broth, did not grow. The number of A. laidlawii colonies recovered on nisin agar, when high inoculum levels were used, varied from approximately 1 in 10 5 at 0.05 mM nisin to less than 1 in 10 7 at 0.25 mM nisin. It was not possible to use nisin at concentrations higher than 0.25 mM in agar plates since, at such concentrations, it caused a marked flocculation of the medium. A slight flocculation was also apparent at 0.25 mM nisin; however, this had no effect upon the ability of the medium to support growth of the Mycoplasma species listed in Table 1 .
To compare the sensitivities of a wide range of Mycoplasma and Acholeplasma species to nisin, paper discs containing the inhibitor were applied to 60-mm-diameter agar plates seeded with 10 5 CFU per plate. The results (Table 2) show that, for all of the acholeplasmas (five species), growth was inhibited. Growth inhibition zones around discs were from 2.5 to 5.0 mm and 3.5 to 7.0 mm for discs containing 5 and 20 nmol of nisin per disc, respectively. In contrast, even at the higher nisin concentration, no effect on the growth of the mycoplasmas (11 species) was evident.
Effect of nisin on the survival of cells suspended in a salts solution. The effect of nisin on the survival of cells of various Mycoplasma and Acholeplasma species suspended in RH salts solution is shown in Table 3 . Acholeplasmas (four species) were highly sensitive; with 75 M nisin, cell kills of Ն97% were obtained within 1 min and there were no survivors at 2 h. In comparison, the mycoplasmas (four species) were markedly resistant. At 75 M nisin, no decrease in viability was observed, and at 0.4 mM nisin, cell kills were Յ33% after 8 h.
Effect of nisin and CCCP on endogenous respiration and substrate oxidation. In susceptible cell-walled bacteria, the cell membrane is the site of nisin action, and a major effect of nisin (4) to maintain the proton motive force and those functions, for example, substrate transport, which are dependent upon it. Therefore, the effect of nisin on the consumption of oxygen by A. laidlawii and A. oculi cells metabolizing glucose (3 mM) was studied. At relatively low nisin concentrations (1 to 3 M), there was a small stimulation of oxygen uptake (up to 20%), and this was also evident for A. laidlawii cells incubated without glucose. However, at slightly higher concentrations, there was a reduction in oxygen uptake rate, and complete inhibition was observed at concentrations of Յ50 M (Table 4) . Where nisin addition caused partial inhibition of oxygen uptake, rates of oxygen uptake were rapidly reduced (i.e., within approximately 1 min) but thereafter remained relatively constant for periods of up to 20 min or more. There was substantial (50%) inhibition of oxygen uptake at nisin concentrations below those required to reduce cell viability (Ͼ10 M for A. laidlawii and A. oculi) ( Table 4) . In contrast to results obtained with acholeplasmas, stimulation of oxygen uptake was never observed for Mycoplasma capricolum or Mycoplasma gallisepticum cells metabolizing glucose (3 mM) or Mycoplasma bovis cells metabolizing DL-lactate (6 mM). (M. bovis oxidizes lactate but not glucose [13] .) The effect of nisin upon mycoplasma endogenous metabolism could not be determined, since the strains used did not consume oxygen in the absence of added substrate. In addition, and consistent with the growth inhibition data, the concentration of nisin required to inhibit oxygen uptake by mycoplasmas was far greater than that for acholeplasmas (Table 4) , although marked inhibition of M. capricolum and M. gallisepticum oxygen uptake was observed at nisin concentrations causing only a small reduction in cell viability (Tables 3 and 4) . Oxygen uptake experiments in the presence of nisin were not affected by nisin-induced cell aggregation. By use of flow cytometry, the nisin concentrations required to increase mean particle size were determined to be Ͼ1 and Ͼ5 mM for A. laidlawii and M. bovis, respectively (data not shown).
The results obtained by using oxygen uptake measurements to monitor acholeplasma metabolism suggested that, at low concentrations (1 to 3 M), nisin was acting as an uncoupler. Therefore, experiments similar to those using nisin were performed with CCCP, a well-characterized uncoupler of respiration in cell-walled bacteria. The results obtained (Table 5) were qualitatively similar to those for nisin. However, there was a much greater stimulation of acholeplasma oxygen uptake (up to 180%) at low CCCP concentrations (1 to 10 M), and relatively high concentrations (Ͼ100 M) were required to inhibit oxygen uptake. CCCP did not stimulate substrate oxidation in M. gallisepticum and M. bovis, although inhibition of oxygen uptake was observed at concentrations similar to those causing inhibition in Acholeplasma spp. (Table 5 ). The effects of CCCP (0.5 mM) on the viability of A. laidlawii, M. bovis, and M. gallisepticum cells suspended in RH buffer with glucose (3 mM; A. laidlawii and M. gallisepticum) or DL-lactate (6 mM; M. bovis) were similar: after 1 h of incubation, CCCP reduced viable counts by 17, 34, and 23%, respectively. c ND, no survivors detected in duplicate 5-l samples plated on agar or in 100-l samples inoculated into 7 ml of broth medium. At the residual nisin concentration in broth medium (1 M), nisin did not inhibit cell growth. a Glucose (3 mM) was the oxidizable substrate for all species except M. bovis. This species does not oxidize glucose, and the substrate provided was DL-lactate (6 mM) (see reference 13). The optical density (550 nm) of cell suspensions was 0.80, except that for A. axanthum (optical density, 0.32).
b The concentration of nisin was increased in gradual steps until inhibition was observed. Rates of oxygen uptake changed rapidly after nisin addition, and approximately 10 min was allowed between successive additions for new uptake rates to be determined accurately.
c Rates of oxygen uptake without nisin were between 5.0 and 15 nmol min a Experiments were conducted as described in Table 4 , footnote b, but with CCCP instead of nisin.
b Rates of oxygen uptake without CCCP were as follows: for A. laidlawii, 1.2 and 9.5 nmol min Ϫ1 mg of cell protein
Ϫ1
, without added substrate and with glucose, respectively; for other species, 5.0 to 15 nmol min Ϫ1 mg of cell protein Ϫ1 . In replicate experiments, the maximum variation in rates of oxygen uptake was Ϯ0.15 of the values given. For rates of 100%, the addition of CCCP did not alter the rate of oxygen uptake in all replicate experiments.
c Various concentrations in the range of 1 to 10 M.
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Effect of medium cholesterol level on the susceptibility of A. laidlawii to nisin. One of the major differences between acholeplasmas and mycoplasmas is the obligate requirement of mycoplasmas for exogenous sterol, which is incorporated at high levels into the cell membrane. Since the cell membrane is likely to be the site of action of nisin, it is possible that this is the basis of mycoplasma nisin resistance. However, acholeplasmas also incorporate sterol into the membrane, in smaller quantities, if it is provided in the medium (2) . Thus, the sensitivity of acholeplasmas to nisin might be modified by varying cholesterol availability in the growth medium. This was initially investigated by altering the concentration of serum (the source of cholesterol) in the agar medium used and measuring the growth inhibition zone of A. laidlawii around paper discs containing nisin. At the highest serum concentration used (32% [vol/vol]), the inhibition zone was 2.9 mm; however, this increased as serum concentration was progressively reduced, and in medium without serum, the zone size was 9.0 mm. It was possible that the increase in nisin sensitivity at low serum concentrations was due to serum components other than cholesterol. Thus, further experiments in which A. laidlawii was grown on medium without serum but containing added cholesterol were conducted. These results (Table 6) show that the size of the growth inhibition zone was inversely proportional to cholesterol concentration.
The effect of nisin on the glucose oxidation rates of A. laidlawii cells grown in broth medium (without serum) in the presence and absence of cholesterol (50 mg liter Ϫ1 ) was also determined. For cells grown without cholesterol, 1 M nisin inhibited the oxygen uptake rate of cells suspended in RH solution plus glucose (3 mM) by approximately 50%, and at 4 M nisin, oxygen uptake was not detectable. In contrast, for cells grown with cholesterol, 2 M nisin reduced oxygen uptake by only 15%, and at 16 M nisin, oxygen uptake was 20% of initial values.
DISCUSSION
Mode of nisin action against acholeplasmas. The effect of nisin on oxygen uptake by Acholeplasma and Mycoplasma species was qualitatively similar to that of the protonophore CCCP. Both agents were able to stimulate oxygen uptake by Acholeplasma but not by Mycoplasma species. There have been few mycoplasma studies using CCCP. Salman et al. (21) reported that 5 M CCCP inhibited fusion of lipid vesicles with M. capricolum cells, suggesting that a proton gradient across the cell membrane was required for fusion, and 5 M CCCP also inhibited swelling of M. gallisepticum cells suspended in NaCl or KCl solutions (22) . Such results imply that, at low concentrations, CCCP is able to insert into the mycoplasma membrane and cause proton movements. However, Shirvan et al. (22) additionally showed that although growth of M. gallisepticum at pH values of Յ7.1 was prevented by 100 M CCCP, there was no growth inhibition at pH values above 7.1, even though membranes were completely permeable to protons. Thus, it appears possible that nisin collapses the proton motive force in both Acholeplasma and Mycoplasma species but that in Mycoplasma species this does not lead to increased rates of metabolism or growth inhibition. If this is the case, the nisin resistance of mycoplasmas could be due to the nature of their transport systems, particularly for sugars which are substrates of a phosphoenol pyruvate phosphotransferase system. This system is absent in acholeplasmas, and in A. laidlawii, uptake of the glucose analog 3-O-methyl-D-glucose is via an active transport system (23), which is inhibited by CCCP.
However, organic acid oxidation in M. bovis, which does not metabolize exogenous sugars (13) , was particularly resistant to nisin inhibition (Table 4 ). In addition, in Acholeplasma spp., the quantitative effects of CCCP and nisin on rates of oxygen uptake differed markedly. The severe inhibition of metabolism observed at nisin concentrations only slightly above those causing stimulation suggest that in addition to any role as a protonophore, nisin may also allow leakage of other ions and low-molecular-weight solutes across the cell membrane as observed in many bacterial groups (20) . This is consistent with the ability of nisin, but not CCCP, to have marked effects on the viability of cells suspended in RH buffer. It is therefore unlikely that the basis of nisin sensitivity in Acholeplasma spp. and nisin resistance in Mycoplasma spp. is due to differences in aspects of cellular metabolism.
A major difference between Mycoplasma and Acholeplasma species is the growth requirement of mycoplasmas for sterol. In M. mycoides, sterol is approximately 20% of the total membrane lipid (18) , and values as high as 40% have been reported for M. hominis (19) . However, acholeplasmas also incorporate smaller amounts of sterol into the membrane if it is available in the medium. Cholesterol was 8.0% of the total cell membrane lipid of A. laidlawii cells grown in the presence of 25 mg of cholesterol liter Ϫ1 (6) , and the highest recorded amounts for this species are 10 to 12% (17) . The inhibitory effect of nisin on A. laidlawii growth decreased with increasing medium cholesterol concentration. Such an effect might be attributable to interactions of nisin with extracellular cholesterol or cholesterol-containing complexes. However, nisin inhibition of glucose oxidation in A. laidlawii cells suspended in RH buffer was greater for cells grown in broth medium without serum than in the same medium with added cholesterol. Thus, the relative resistance of mycoplasmas to nisin may be due to the high cholesterol content of their membranes. In membranes, including those of acholeplasmas (7) and mycoplasmas (5), cholesterol reduces membrane fluidity, and it is known that the effectiveness of nisin increases as membrane fluidity increases (15) . With the exception of certain members of the Mollicutes, cholesterol is not a component of prokaryotic cell membranes, although it is present in eukaryotic cells which are highly resistant to nisin.
Nisin sensitivity as a diagnostic test and development of Mycoplasma selective media. Growth of the 5 Acholeplasma species tested in this study was inhibited by nisin, whereas the 11 Mycoplasma species were resistant. In addition, in RH solution, nisin was rapidly bactericidal to acholeplasma but not mycoplasma cells (Table 3) . Since resistance may be related to membrane sterol content, it is possible that nisin sensitivity is CFU), and dry filter paper discs containing 20 nmol of nisin were placed on the centers of the plates. After 48 h of incubation at 37ЊC, the zone of growth inhibition was measured. In replicate experiments, zone size varied by Ͻ0.5 mm. a general feature of acholeplasmas and perhaps other nonsterol-requiring members of the Mollicutes. Thus, nisin sensitivity may be of diagnostic value. In comparison with digitonin sensitivity, which is currently used as a standard method to distinguish sterol-requiring from non-sterol-requiring members of the Mollicutes (24), nisin tests offer a clearer end point. In the most widely used method of determining digitonin sensitivity, the inhibitor is applied on paper discs to plates seeded with the test organism. Sterol-requiring members of the Mollicutes give growth inhibition zones of Ն5 mm, whereas although acholeplasmas are generally resistant, some species do give smaller inhibition zones (Յ3 mm). In addition, nisin might be preferred to digitonin on safety grounds. Digitonin is highly toxic by skin contact and inhalation, whereas nisin is a naturally occurring lantibiotic widely used in foods to control microbial growth.
The high resistance of mycoplasmas to nisin suggests that it might be a useful component of selective media. The suppression of rapidly growing Acholeplasma species, and particularly A. laidlawii, a frequent inhabitant of the respiratory, urogenital, and intestinal tracts of animals, would aid detection of slowly growing Mycoplasma species. Nisin would additionally contribute to the suppression of cell-walled bacteria, for example, Lactobacillus species (16) . It is also possible that nisin resistance could be used to select cells of other sterol-requiring genera of the Mollicutes, for example, Spiroplasma in the presence of Acholeplasma and Anaeroplasma in the presence of Asteroleplasma (non-sterol requiring). In serum agar plates containing 0.2 mM nisin, there was almost complete inhibition of acholeplasma growth. The use of nisin to inhibit acholeplasma growth in SP4 broth medium was less successful. Nisin at relatively low concentrations (0.1 mM) caused increased turbidity, making it difficult to assess growth. Also, the concentration required to prevent acholeplasma growth was higher for SP4 broth medium than for agar medium. It seems possible that in broth, nisin forms complexes with phospholipids (8), which reduces its availability. The formation of such complexes in agar medium may be limited by diffusion rates of phospholipids. However, clinical specimens to be cultured in broth medium could be treated with nisin prior to inoculation. A 1-min exposure to RH solution containing 75 M nisin killed Ͼ99% of A. laidlawii cells.
